Background: Bacterial meningitis remains a big threat to the integrity of the central nervous system (CNS), despite the advancements in antimicrobial reagents. Escherichia coli is a bacterial pathogen that can disrupt the CNS function, especially in neonates. E. coli meningitis occurs after bacteria invade the brain microvascular endothelial cells (BMECs) that form a direct and essential barrier restricting the entry of circulating microbes and toxins to the brain. Previous studies have reported on several cellular proteins that function during meningitic E. coli infections; however, more comprehensive investigations to elucidate the potential targets involved in E. coli meningitis are essential to better understand this disease and discover new treatments for it. Methods: The isobaric tags for relative and absolute quantification (iTRAQ) approach coupled with LC-MS/MS were applied to compare and characterize the different proteomic profiles of BMECs in response to meningitic or nonmeningitic E. coli strains. KEGG and gene ontology annotations, ingenuity pathways analysis, and functional experiments were combined to identify the key host molecules involved in the meningitic E. coli-induced tight junction breakdown and neuroinflammatory responses.
Background
Bacterial meningitis is a severe, life-threatening infection of the central nervous system (CNS) with high morbidity and mortality. It is currently recognized as one of the top ten killers in infection-related deaths worldwide, with almost half of the survivors suffering from diverse neurological sequelae (e.g., mental retardation, hearing impairment and blindness), despite the advancements made in the field of antimicrobial treatment [1] [2] [3] . Most bacterial meningitis cases are initiated by hematogenous spread and develop when the circulating bacteria penetrate the blood-brain barrier (BBB), destroy brain parenchyma, and finally cause CNS disorders [1] . Among the meningitis-causing microbes, extraintestinal pathogenic Escherichia coli (ExPEC) has recently emerged as an important zoonotic bacterial pathogen with the potential to colonize multiple tissues outside the intestine and cause severe infections, with one typical outcome being meningitis. The evidence from recent in vivo and in vitro studies indicates that meningitic E. coli strains possess the ability to invade the brain, and the infection-induced BBB disruption that occurs is the hallmark event in the development of E. coli meningitis [4, 5] .
The availability of in vitro and in vivo BBB infection models has made the study of meningitic E. coli penetration of the brain possible [6] [7] [8] [9] . The in vitro BBB model uses brain microvascular endothelial cells (BMECs) that form distinctive tight junctions and exhibit high trans-endothelial electrical resistance, thereby mimicking the features of the natural in vivo barrier that protects the brain from circulating microorganisms and toxins [10] [11] [12] [13] . The in vivo model is established by inducing experimental hematogenous meningitis in newborn rats and mice [9, 14, 15] . With these models, it is now well-established that successful traversal of the BBB by circulating E. coli strains requires the following prerequisites: a high bacteremia, binding to and invasion of BMECs, rearrangement of actin cytoskeleton, and crossing the BBB as live bacteria [1, 2] . These require a series of complicated interactions between meningitic E. coli and the host. So far, several host targets have been found to be associated with this invasion process, including certain intracellular signaling molecules like focal adhesion kinase, phosphatidylinositol 3-kinase (PI3K), Rho GTPases, cytosolic phospholipase A2, nuclear factor-κB (NF-κB), inducible nitric oxide synthase (NOS), and several cellular surface molecules/receptors such as caveolin-1, Toll-like receptors, the intercellular adhesion molecule (ICAM-1), and some actin-binding molecules like ERM family proteins (ezrin, radixin, and moesin), most likely through their influences on the aforementioned prerequisites [8, [16] [17] [18] [19] . We have previously identified and characterized two essential cellular targets, S1P and EGFR, which are exploited by meningitic E. coli for successful invasion of the BBB [20] . In other work, we have also found that vascular endothelial growth factor A (VEGFA) and Snail-1, which are inducible by meningitic E. coli, can mediate the BBB disruption [5] . Despite these advances, the mechanisms involved in CNS infection by meningitic E. coli are still poorly understood, and a more comprehensive investigation to elucidate the cellular targets in infected BMECs is now required.
In the current study, we compared the different proteomic profiles of BMECs in response to meningitic and non-meningitic E. coli strains via the isobaric tags for relative and absolute quantification (iTRAQ) approach and investigated the potential host factors and mechanisms that were hijacked by meningitic E. coli to penetrate the BBB. Characterization of these potential host targets will expand our current knowledge on meningitic E. coli-induced CNS infections and provide new strategies to prevent this infection and develop novel therapeutic reagents against it.
Methods

Bacterial strains, cell culture, and infection
The E. coli K1 strain RS218 (O18:K1:H7) [GenBank: CP007149.1], whose genomic sequencing has been finalized and annotated, is a well-characterized cerebrospinal fluid (CSF) isolate from a neonatal meningitis case [21] . The porcine-originated ExPEC strain PCN033 (O11: K2) [GenBank: CP006632.1], which was isolated from swine CSF in China [22, 23] , is evidenced to be highly virulent and capable of invading and disrupting the BBB, thereby causing CNS dysfunction [5, 24] . E. coli K12 strain HB101 is an avirulent and non-meningitic strain normally used as a negative control strain [25, 26] . All E. coli strains were grown aerobically at 37°C in LuriaBertani medium unless otherwise specified.
The immortalized human BMECs (hereafter called hBMECs) were kindly provided by Prof. Kwang Sik Kim in Johns Hopkins University School of Medicine and routinely cultured in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 1 mM sodium pyruvate, essential amino acids, nonessential amino acids, vitamins, and penicillin and streptomycin (100 U/mL) in a 37°C incubator under 5% CO 2 until monolayer confluence was reached [20, 27] . Confluent cells were washed with Hank's balanced salt solution (Corning Cellgro, Manassas, VA, USA) and starved in serum-free medium for 16-18 h before further treatment. For bacterial challenge, the cells were infected with E. coli PCN033, RS218, or HB101 strains each at a multiplicity of infection of 10 for 2 h. In some assays, the cells were pretreated with specific inhibitors prior to bacterial challenge.
Reagents, antibodies, and inhibitors
The p38 inhibitor SB202190, extracellular signal-regulated kinases 1 and 2 (ERK1/2) inhibitor U0126, c-Jun N-terminal kinase (JNK) inhibitor SP600125, NF-κB inhibitor BAY11-7082, and (S, R)-3-(4-hydroxyphenyl)-4, 5-dihydro-5-isoxazole acetic acid methyl ester (ISO-1), an inhibitor of macrophage migration inhibitory factor (MIF), were purchased from MedChem Express (Monmouth, NJ, USA). Recombinant MIF protein was purchased from Novoprotein (Summit, NJ, USA). The nucleic acid dye, 4′-6-diamidino-2-phenylindole (DAPI), was obtained from Solarbio (Beijing, China). Anti-ZO-1, anti-MIF, anti-TATA box-binding protein-like protein 1 (TBPL1), anti-legumain (LGMN), anti-ERK1/2, and anti-phospho-ERK1/2 antibodies (all rabbit) were purchased from ABclonal (Wuhan, Hubei, China). Anti-occludin, anti-dystrophin (DMD), anti-HISTIHIC, anti-JNK, and anti-p38 mitogen-activated protein kinase (MAPK) antibodies (all rabbit) were purchased from Proteintech (Chicago, IL, USA). Anti-phospho-JNK (rabbit) antibody was from R&D Systems (Minneapolis, MO, USA). Anti-phospho-p38, anti-p65, anti-phospho-p65, and anti-IκBα antibodies (all rabbit) were purchased from Cell Signaling Technology (Danvers, MA, USA). Cy3-labeled goat anti-rabbit antibody was purchased from Beyotime Institute of Biotechnology (Shanghai, China). Anti-GAPDH (mouse) antibody was purchased from Beijing Biodragon Immunotechnologies Co., Ltd. (Beijing, China).
Protein isolation, digestion, and labeling with iTRAQ reagents
Bacterial-infected and non-infected cells in 10 cm dishes were collected 2-h post-infection and gently washed with pre-chilled PBS buffer. The cells were lysed in 1 mL lysis buffer, and the soluble protein fraction was harvested by 5 min of ultrasonication treatment (pulse on 2 s, pulse off 3 s, power 180 W) followed by centrifugation at 20000×g for 30 min at 4°C, and the protein concentration was determined via the Bradford protein assay method with BSA as the standard substance. The proteins were reduced with 10 mM iodoacetamide at room temperature for 45 min in the dark and then precipitated in acetone at − 20°C for 3 h. After centrifugation at 20000×g for 20 min, the protein pellet was resuspended and ultrasonicated in pre-chilled 50% (w/v) tetraethyl-ammonium bromide (TEAB) buffer supplemented with 0.1% SDS. The proteins were obtained after centrifugation at 20000×g and their concentrations were measured by Bradford assays.
Subsequently, protein (100 μg) in TEAB buffer was incubated with 3.3 μL of trypsin (1 μg/μL) (Promega, Madison, WI, USA) at 37°C for 24 h in a sealed tube. The tryptic peptides were lyophilized and dissolved in 50% TEAB buffer, and iTRAQ labeling was performed according to the manufacturer's instructions (AB Sciex, Foster City, CA, USA). Briefly, one unit of iTRAQ reagent was thawed and reconstituted in 24 μL isopropanol and the peptides were incubated at room temperature for 2 h. The peptides from the control, HB101, PCN033, and RS218 groups were designated 114, 115, 116, and 117, respectively. The labeled samples were then mixed and dried with a rotary vacuum concentrator. The labeling efficiency was examined by mass spectrometry (MS).
Strong cation exchange chromatography (SCX) fractionation and liquid chromatography (LC)-MS/MS analysis
The labeled samples were pooled and purified using an SCX column (Phenomenex, USA), and separated by LC using an LC-20AB HPLC pump system (Shimadzu, Japan). The peptides were then mixed with nine times their volume in buffer A (25% ACN, 10 mM KH 2 PO 4 , pH = 3) and loaded onto a 4.6 × 250 mm Ultremex SCX column containing 5-μm particles (Phenomenex). The peptides were eluted at a flow rate of 1 ml/min in a buffer B (25% ACN, 2 M KCL, 10 mM KH 2 PO 4 , pH = 3) gradient as follows: 0-5% buffer B for 30 min, 5-30% buffer B for 20 min, 30-50% buffer B for 5 min, 50% buffer B for 5 min, 50-100% buffer B for 5 min, and 100% buffer B for 1 min before equilibrating with buffer A for 10 min prior to the next injection. Next, the eluted peptides were desalted with a Strata X C18 column (100 mm × 75 mm, 5-um particles, 300A aperture) (Phenomenex, Torrance, CA, USA) and vacuum dried. The fractions were then dissolved in aqueous solution containing 0.1% formic acid (FA) and 2% ACN and centrifuged at 12000g for 10 min at 4°C. Five micrograms supernatant was loaded on an LC-20AD nano HPLC (Shimadzu, Kyoto, Japan) by the autosampler onto a 2 cm C18 trap column (inner diameter 200 μm, Waters), and the peptides were eluted onto a resolving 10 cm analytical C18 column (inner diameter 75 μm, Waters). The mobile phases used were composed of solvent A (0.1% FA and 5% ACN) and solvent B (0.1% FA and 95% ACN). The gradient was run at 400 nL/min for 48 min at 5-80% solvent B, followed by running a linear gradient to 80% for 7 min, maintained at 80% B for 3 min, and finally returned to 5% in 7 min.
The peptides were subjected to nano-electrospray ionization followed by tandem mass spectrometry (MS/ MS) in a Q EXACTIVE (Thermo Fisher Scientific, San Jose, CA, USA) coupled to the HPLC. Intact peptides were detected in the Orbitrap at a resolution of 70,000 and a mass range of 350-2000 m/z. Peptides were selected for MS/MS using high-energy collision dissociation (HCD), and ion fragments were detected in the Orbitrap at a resolution of 17,500. The electrospray voltage applied was 1.8 kV. MS/MS analysis was required for the 15 most abundant precursor ions, which were above a threshold ion count of 20,000 in the MS survey scan, including a following dynamic exclusion duration of 15 s.
iTRAQ data analysis
The raw data files acquired from the mass spectrometers were converted into MGF files using 5600 MS Converter. Protein identification and quantification were performed using the Mascot Server (http://www.matrixscience.com/ search_form_select.html) against the Uniprot_2015_hu-man database (Matrix Science, London, UK; version 2.3.0) and Proteome Discoverer 1.3 (Thermo Fisher Scientific Inc.). To reduce the probability of false peptide identification, only peptides with significance scores at the 95% confidence interval as determined by a Mascot probability analysis were included. The quantitative protein ratios were weighted and normalized by the median ratio in Mascot. Statistical significance analyses were evaluated using two-way ANOVA. The proteins were considered to be differentially expressed if the ratio of mean fold change > 1.2 (or < 0.83) with an Exp pr > 0.05 and a Group pr < 0.05 (Exp pr, three-experiment p value; Group pr, group p value; fold change = experiment + group + error).
The Gene Ontology (GO) annotation of the identified proteins was performed via the online GO program (http://geneontology.org/). The biological functions, networks, and signaling pathways of the differentially expressed proteins (DEPs) were analyzed with Ingenuity Pathways Analysis (IPA) software (version 7.5, http:// www.ingenuity.com) (Additional files 8, 9 and 10).
RNA extraction and quantitative real-time PCR
Total RNA from the uninfected or infected cells was extracted with RNAiso Plus reagent according to the manufacturer's instructions (TakaRa, Japan). Any genomic DNA contamination was eliminated by DNase I treatment, and the RNA was reverse-transcribed into cDNA using the PrimeScript™ RT reagent kit with gDNA Eraser, following the manufacturer's instructions (Takara, Japan). Quantitative real-time PCR was performed in triplicate using the Power SYBR Green PCR Master Mix (Applied BioSystems, Foster City, CA, USA). The PCR primers for these experiments are listed in Table 1 . The expression levels of the target genes were normalized to GAPDH by the 2 −ΔΔCT method.
Western blotting
Uninfected and infected hBMECs were collected and lysed in RIPA buffer supplemented with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA) and then sonicated and centrifuged at 10,000×g for 10 min at 4°C. The soluble protein concentration in the supernatants was measured using the BCA protein assay kit (Beyotime, China). Aliquots from each sample were separated by 12% SDS-PAGE, and then transferred to polyvinylidene difluoride membranes (Bio-Rad, CA, USA). The blots were blocked with 5% BSA in Tris-buffered saline with Tween 20 at room temperature for 1 h and then incubated overnight at 4°C with primary antibodies against GAPDH, DMD, MIF, HIST1H1C, TBPL1 or LGMN. The blots were subsequently washed and incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG at 37°C for 1 h, and visualized with ECL reagents (Bio-Rad, USA). The blots were densitometrically quantified and analyzed with Image Lab software (Bio-Rad).
Immunofluorescence microscopy
Uninfected and infected hBMECs were fixed with 4% paraformaldehyde and permeabilized with 0.2% Triton X-100. After 2 h of blocking in PBS buffer with 5% BSA, the cells were incubated with the primary antibody (1:100) overnight at 4°C, washed thrice with PBS, and then incubated with fluorescently labeled anti-mouse or anti-rabbit IgG (1500) for 1 h. Nuclei were stained with DAPI (0.5 μg/mL) for 30 min. Finally, the cells were mounted and then visualized with fluorescence microscopy.
Electric cell substrate impedance sensing (ECIS)
To explore the influence of recombinant MIF on the permeability of the BBB, hBMECs were seeded at 7 × 10 4 cells on collagen-coated, gold-plated electrodes in 96-well chamber slides (96W1E+) linked to ECIS Zθ equipment (Applied BioPhysics, Troy, NY, USA) and continuously cultured until confluence, and the trans-endothelial electric resistance (TEER) was monitored to reflect the formation of the barrier [28] . After stable maximal TEER was reached, the recombinant human MIF protein was added into the cells at multiple dosages (10, 100, and 200 ng/ mL), and the possible TEER alteration of the monolayer cells was automatically recorded by the ECIS system.
Statistical analysis
Data were expressed as the mean ± standard deviation (mean ± SD) from three replicates. Statistical significance of the differences between each group was analyzed by a one-way analysis of variance (ANOVA) or two-way ANOVA embedded in GraphPad Prism, version 6.0 (GraphPad Software Inc., La Jolla, CA, USA). P < 0.05 (*) was considered statistically significant, and p < 0.01 (**), as well as p < 0.001 (***) were all considered extremely significant.
Results
Differential protein profiling of hBMECs in response to E. coli infection
The protein extracts prepared from the hBMECs with or without meningitic E. coli challenge were subjected to the iTRAQ proteomics analysis. The whole work flow was shown in Fig. 1 . Approximately 3000 different proteins were identified and quantified by iTRAQ-coupled LC-MS/MS analysis of the hBMECs infected with E. coli HB101, PCN033, or RS218 strains (Additional file 1: Table S1 , Additional file 2: Table S2 , Additional file 3: Table S3 ). As shown in Fig. 2a-d , four proteins were identified as being significantly upregulated and two were significantly downregulated upon HB101 infection, six were significantly upregulated, and 72 were significantly downregulated upon PCN033 infection, while 16 significantly upregulated and 27 significantly downregulated proteins were identified in cells challenged with RS218. The details of these differentially expressed proteins (DEPs) are listed in Tables 2, 3 , and 4. The meningitic E. coli PCN033 group displayed 65 unique proteins, while the RS218 group displayed 27 unique proteins. They both shared 13 DEPs with 12 of them being distinct proteins in the hBMECs in response to meningitic strains PCN033 and RS218 (Fig. 2e , Table 5 ). Only one protein, EXOSC4, was shared by the three groups, and it showed a 0.74-, 0.759-, and 0.8-fold decrease in HB101, PCN033 and RS218 groups, respectively (Fig. 2e , Table 5 ). In contrast, infection with the non-meningitic HB101 strain induced only two unique, differentially altered proteins. Four proteins were shared between HB101 and RS218 groups, and the three of them altered in response to HB101 and RS218 were specific host proteins in both of these human isolates (Fig. 2e) .
Western blot verification of the DEPs
We next used western blotting to further test the DEPs identified by iTRAQ. We selected several proteins from the iTRAQ results from both PCN033 and Fig. 1 The general work flow for the proteomics analysis in this study RS218 groups. The test proteins were HIST1H1C, TBPL1, and MIF for the PCN033 group (Fig. 3a) , and DMD, LGMN, and HIST1H1C for the RS218 group (Fig. 3c) . The western blot and densitometry analyses produced the similar expression alteration to those of the iTRAQ results following either PCN033 or RS218 infection (Fig. 3b, d ).
Bioinformatic analysis of the DEPs in hBMECs
We next investigated and characterized the DEPs by searching the GO and UniProt databases. The DEPs were assigned to the categories of different "biological processes," "cellular components," and "molecular functions." Within the biological processes class, the DEPs from the three groups (RS218, PCN033, and HB101) were mainly divided into metabolic processes, localization, cellular process, and cellular component organization or biogenesis. The immune system process and developmental process classes were found in both RS218 and PCN033 infection groups, but not in the HB101 group. Within the cellular component class, the DEPs were mainly divided into organelle, macromolecular complex, and cell parts, and the membrane-associated ones were only identified in the meningitic strains RS218 and PCN033, not in HB101.
As for molecular function, the DEPs were mainly associated with structural molecule activity, catalytic activity, and binding (Fig. 4a , Additional file 4: Table S4 ). We next performed canonical pathway prediction through IPA on the DEPs. The top ranked canonical pathways in each group are shown in Fig. 4b . We found that protein kinase A signaling, eumelanin biosynthesis, EIF2 signaling, and granzyme A signaling were simultaneously enriched in both RS218 and PCN033 infection groups, but not in the HB101 group (Fig. 4b) . Noticeably, granzyme A signaling was much more significantly P < 0.05 (*) was considered significant, and P < 0.01 (**), as well as < 0.001 (***), were all considered extremely significant P < 0.05 (*) was considered significant, and P < 0.01 (**), as well as < 0.001 (***), were all considered extremely significant enriched in the DEPs from both meningitic groups, suggesting a potential role for granzyme A in meningitic E. coli invasion of the BBB. Additionally, phosphatidylcholine biosynthesis I, choline biosynthesis III, and glioma invasiveness signaling were only enriched in the PCN033 group, while neuronal NOS signaling and regulation of eIF4 and p70S6K signaling were only identified in the RS218 group, which exhibited distinct signaling pathways that might have strain specificity (Fig. 4b) . The IPA tool was used to further analyze the potential networks based on the DEPs from the E. coli infections.
Two networks were drawn for these differential cellular proteins in response to HB101 infection (Fig. 5a , b, Additional file 5: Table S5 ). In addition, four networks were generated based on the DEPs from the PCN033 infection (Fig. 5c-f , Additional file 6: Table S6 ), while two networks were generated from the DEPs upon RS218 infection (Fig. 5g , h, Additional file 7: Table S7 ). It should be noted that the NF-κB complex, as well as ERK, were included in the networks of both PCN033 and RS218 groups, while they were not observed in the cells in response to the non-meningitic HB101 strain, suggesting that these two essential signaling molecules exert regulatory effects during meningitic E. coli penetration of the BBB.
MIF contributes to meningitic E. coli-induced cytokine production and tight junction disruption
Based on the aforementioned network analysis, we noticed the presence of MIF in the meningitic PCN033 and RS218 strain groups, suggesting potential roles for it in meningitic E. coli invasion of the BBB. Here, by pretreating the hBMECs with 20 μM ISO-1 (a MIF inhibitor), we found that the multiple cytokines [e.g. interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-α, IL-1β] significantly induced by meningitic E. coli PCN033 or RS218 infection had decreased levels (Fig. 6a, b) . Moreover, the ECIS system was applied to evaluate the potential effects of recombinant MIF protein on the barrier function of hBMECs. The results showed that recombinant MIF obviously decreased the resistance formed by the cells in a dose-dependent manner (Fig. 6c) . We also observed that treatment with recombinant MIF (200 ng/ml) for 12 and 24 h led to decreased expression of tight junction proteins like ZO-1 and occludin (Fig. 6d) ; moreover, use of the c Immunoblotting analysis of the DEPs (DMD, LGMN, and HIST1H1C) in hBMECs with or without RS218 infection. d iTRAQ ratios of the DEPs in hBMECs with RS218 infection. *(P < 0.05) was considered statistically significant; ** (p < 0.01) and *** (p < 0.001) were extremely significant MIF inhibitor ISO-1 could partially recover the PCN033 or RS218 infection-caused downregulation of tight junction proteins like ZO-1 and Occludin (Fig. 6e, f) . Together, these observations support the conclusion that MIF contributes to the induction of proinflammatory cytokines and the decrease in tight junction proteins during meningitic E. coli invasion of the BBB.
Meningitic E. coli activation of NF-κB signaling mediates the production of cytokines
As mentioned above in the network analysis, involvement of the NF-κB complex was observed in cells following the challenge with meningitic E. coli strains PCN033 and RS218, but not with non-meningitic HB101. Therefore, we investigated NF-κB signaling activation in hBMECs in response to infection. Phosphorylation of the NF-κB p65 subunit increased significantly in response to PCN033 and RS218 infection, and this was much higher than that observed during the response to HB101 infection. Also, degradation of IκBα upon PCN033 or RS218 infection was much greater than that upon HB101 infection (Fig. 7a, b) . Using immunofluorescence microscopy, we also observed p65 translocation to the nucleus upon PCN033 and RS218 infection (Fig. 7c) , while this nuclear translocation was barely observed in response to HB101 infection (Fig. 7c) . These results indicate that the NF-κB signaling pathway is activated during meningitic E. coli interaction with hBMECs. Moreover, by using the NF-κB inhibitor BAY11-7082, we observed that the meningitic E. coli PCN033-or RS218-induced cytokines production (including IL-6, IL-8, TNF-α, and IL-1β) was significantly decreased when compared with DMSO treatment (Fig. 7d, e) . Together, these data firmly support our network analysis that the NF-κB signaling pathway is involved in both PCN033 and RS218 infection of hBMECs, and their activation of NF-κB signaling in hBMECs mediates the induction of proinflammatory cytokines.
MAPK signaling pathways are involved in proinflammatory cytokine induction by meningitic E. coli strains
Because ERK was assumed to be involved in infections with PCN033 and RS218 based on our network prediction, we next investigated the activation of MAPK pathways in hBMECs in response to meningitic E. coli. The results showed that the phosphorylation of p38, JNK, and ERK1/2 significantly increased in response to meningitic strains PCN033 or RS218 (Fig. 8a, b) , indicating the activation of all three MAPK pathways in hBMECs upon meningitic E. coli challenge. After demonstrating the significant induction of several proinflammatory cytokines above, we next investigated whether the MAPK pathways were involved in these cytokines production. Following pretreatment with U0126 (a specific ERK1/2 inhibitor), SB202190 (a selective inhibitor of p38), and SP600125 (a JNK-specific inhibitor), the proinflammatory cytokines (IL-6, IL-8, TNF-α, IL-1β) induced in hBMECs upon PCN033 or RS218 infection were significantly reduced (to different extents), compared with that in each DMSO control group (Fig. 8c) . These results indicate that the MAPK signaling pathways, including MAPK-p38, MAPK-ERK1/2, and MAPK-JNK, were all activated and at least participated in meningitic E. coli-induced neuroinflammatory responses.
Discussion
The iTRAQ-based proteomics, a powerful approach for obtaining comprehensive and quantitative protein expression profiling data, has been used widely to identify and characterize potential cellular targets. In current study, we used iTRAQ to explore the proteomic differences in hBMECs in response to meningitic or non-meningitic E. coli infections. The E. coli strains PCN033 and RS218 were selected for this study because they are representative meningitis-causing strains capable of penetrating the BBB as well as inducing severe neuroinflammation [5, 20] , while the E. coli strain HB101 is avirulent and non-meningitic and was therefore used as the negative control. Based on our data, 13 significantly differentiated proteins in total were found to be shared by PCN033 and Fig. 5 Network analysis of significantly altered proteins in hBMECs upon E. coli infection. For the HB101 infection, two networks were constructed: a cellular assembly and organization, gastrointestinal disease, hepatic system disease; b RNA damage and repair, connective tissue disorders, developmental disorder. For the PCN033 infection, four networks were constructed: c lymphoid tissue structure and development, organ morphology, organismal development; d cellular movement, cancer, organismal injury and abnormalities; e inflammatory disease, inflammatory response, organismal injury and abnormalities; f cell death and survival, cellular development, cellular growth and proliferation. For the RS218 infection two networks were constructed: g neurological disease, organismal injury and abnormalities, cell cycle; h gene expression, cellular assembly and organization, DNA replication, recombination, and repair. The red nodes indicate significantly altered protein expression, and the white ones are those known to be involved in the networks, but not identified in this study. Arrows indicate the interrelationship between two molecules. Solid lines indicate direct interactions and dashed lines indicate indirect interactions RS218 (Fig. 1) . They are TELO2, IFT74, CBWD6, EXOSC4, TBOL1, RBM5, KRT9, HIST1H1C, HIST1H1D, HIST1H1B, HIST1H1E, MIF, and DMD (Table 5 ). Among these, EXOSC4 was the only protein that was also significantly changed in response to non-meningitic E. coli HB101 (Fig. 2, Table 5 ). EXOSC4, a non-catalytic component of the RNA exosome machinery, has 3′-5′ exoribonuclease activity and participates in a multitude of cellular RNA processing and degradation events [29] . It was reported that EXOSC4 was a potential factor involved in the maintenance of genome stability, by eliminating the RNA processing by-products and non-coding "pervasive" transcripts thereby limiting or excluding their export to the cytoplasm, or by preventing translation of aberrant mRNAs [30] [31] [32] . In lung adenocarcinoma, EXOSC4 has been reported to be extremely highly expressed and closely associated with cancer cell proliferation and The densitometry was performed to quantitatively analyze the Western bands. e, f Western blotting and densitometry analysis showed that ISO-1 treatment partially recovered PCN033-or RS218-mediated downregulation of the tight junction proteins ZO-1 and occludin. Data were expressed as the mean ± standard deviation (mean ± SD) from three replicates or analyses (n = 3). P < 0.05 (*) was considered statistically significant; p < 0.01 (**) and p < 0.001 (***) were extremely significant was, therefore, recognized as a new prognostic marker [30] . Similarly, in patients with liver cancer, the EXOSC4 gene was found to be highly expressed, and its knock-down commonly inhibited cancer cell growth and invasion [33] . Here, we found that EXOSC4 was commonly targeted by the meningitic and the non-meningitic E. coli strains, indicating that this cellular protein is a non-specific infection-related protein.
Other than EXOSC4, the remaining 12 proteins were shared by the meningitic strains (PCN033 and RS218) Fig. 7 NF-κB signaling is activated in response to meningitic PCN033 or RS218 and mediates the inflammatory response. a, b p65 phosphorylation and IκBα degradation were significantly enhanced upon challenge with PCN033 and RS218, as shown by western blotting and densitometry. c Nuclear translocation of the p65 subunit was apparent in the hBMECs upon infection with PCN033 and RS218, but barely observed in response to infection with HB101. d, e Real-time PCR analysis showed that meningitic E. coli strains PCN033-and RS218-induced proinflammatory cytokines production was significantly decreased via NF-κB signaling inhibition with 10 μM of BAY11-7082. Data were expressed as the mean ± standard deviation (mean ± SD) from three replicates or analyses. P < 0.05 (*) was considered statistically significant; p < 0.01 (**) and p < 0.001 (***) were extremely significant alone, suggesting that these proteins might represent the potential targets hijacked by these meningitic E. coli strains.
Among these 12 meningitic E. coli-specific "cellular responders," we firstly focused on MIF, which was the only one to exhibit common upregulation in response to both meningitic E. coli PCN033 and RS218 (Table 5) . MIF is a proinflammatory cytokine, which has been highlighted as a key player in infection and septic shock [34, 35] . It is reported to be involved in the cytokine storm, which facilitates the uncontrolled release of cytokines into the circulation during pathogen infection or sepsis [36] . As previously evidenced in E. coli-induced meningitis, cytokines and chemokines potentially contribute to BBB damage [5] . The burst of proinflammatory cytokines during infection may lead directly to dysfunction of the endothelial barrier and an increase in vascular permeability in the brain, thus finally leading to severe CNS injury. Moreover, MIF may be secreted by a wide variety of cells upon stimulation, and once MIF binds to its receptors (e.g., CXCR2, CXCR4, and/or CD74 [37, 38] ), several downstream signal molecules such as PI3K/Akt or MAPK/ERK become activated, thus mediating the inflammatory response [39, 40] . In the present study, the effects of MIF on meningitic E. coli-induced inflammation were also verified by the observation that the MIF inhibitor ISO-1 significantly decreased meningitic E. coli PCN033-or RS218-induced upregulation of IL-6, IL-8, IL-Iβ, and TNF-α (Fig. 5) . Noticeably however, although the ISO-1 inhibitory effects were significant, there was Fig. 8 MAPK signaling, which is activated in hBMECs upon meningitic E. coli infection, contributes to the neuroinflammatory response. a, b Phosphorylation of p38, JNK, and ERK1/2 in hBMECs upon challenge with PCN033 and RS218 strains. c, d Blocking the three MAPK signaling pathways through specific inhibitors (U0126, a specific ERK1/2 inhibitor; SB202190, a p38 selective inhibitor; and SP600125, a JNK-specific inhibitor) significantly decreased the infection-induced neuroinflammatory response via real-time PCR analysis. P < 0.05 (*) was considered statistically significant; p < 0.01 (**) and p < 0.001 (***) were extremely significant still a significant induction of IL-6 and IL-8 in response to PCN033 and RS218 infection, suggesting that other "switches" for proinflammatory cytokine and chemokine generation commonly exist in response to infection. Except for its role in inflammation, we also observed the involvement of MIF in BBB damage, as evidenced by the fact that recombinant MIF was able to deconstruct the endothelial barrier by inducing a significant decrease in the junction-associated protein ZO-1 and occludin (Fig. 6) . Furthermore, when MIF inhibitor ISO-1 was used, the PCN033-and/or RS218-induced downregulation of ZO-1 and occludin was largely restored (Fig. 6) . Considering the potential roles of MIF in mediating the neuroinflammatory response as well as in inducing BBB disruption, it is possible that MIF may represent a novel and potential target for clinical prevention and therapy for E. coli meningitis.
Our IPA-based canonical pathways prediction suggested that protein kinase A signaling, eumelanin biosynthesis, EIF2 signaling, and granzyme A signaling were simultaneously enriched in hBMECs upon infection with RS218 and PCN033, but not with HB101. Among these processes, granzyme A signaling was much more significantly enriched. In the RS218 group, HIST1H1B, HIST1H1C, HIST1H1E, and HIST1H1D are included in granzyme A signaling, while in the PCN033 group, HIST1H1B, HIST1H1C, HIST1H1E, HIST1H1D, and H1F0 are involved (Additional file 6: Table S6 ). Granzyme A was identified as a cytotoxic T lymphocyte protease with multiple roles in infectious diseases. For example, several studies have shown that granzyme A is highly expressed in patients with tuberculosis and may represent a promising diagnostic marker distinct from IFN-γ to discriminate between patients with tuberculosis and other pulmonary diseases [41] [42] [43] . Granzyme A is also considered to participate in the host defense response in multiple ways, such as by generating superoxide and inactivating the oxidative defense enzymes that kill intracellular parasites [44] , by unfavorably impairing host defenses during Streptococcus pneumoniae pneumonia [45] , by performing as a proinflammatory protease that cleaves IL-1β intracellularly into bioactive IL-1β [46, 47] , or by causing detachment of alveolar epithelial A549 cells accompanied by promotion of IL-8 release [48] . Here, in the present study, granzyme A signaling was significantly enriched by cellular differentiated proteins in response to both meningitic E. coli strains, but not in non-meningitic E. coli HB101. This result probably indicates that granzyme A could be a potential indicator of E. coli meningitis, but further supportive evidences are needed.
Based on the IPA functional network analysis, we also noticed that the NF-κB complex and MAPK/ERK signaling were involved in both PCN033 and RS218 infection of hBMECs, but barely in the HB101 group. The NF-κB complex comprises a family of closely related transcription factors with important roles in regulating the gene expression involved in inflammation and the immune response [49] . The NF-κB activation process is induced by the phosphorylation of serine residues in IkB proteins, which are subjected to ubiquitination and proteasome degradation and, subsequently, phosphorylation and nuclear translocation of the p65 subunit. Early studies have shown that NF-κB is activated in bacteria-induced CNS infections [50] , and NF-κB inhibitors have been found to reduce neuroinflammation [51] as well as protect rat brains from inflammatory injury following transient focal cerebral ischemia [52] and pneumococcal meningitis [53] . In E. coli, it has been evidenced that OmpA + E. coli can induce ICAM-1 expression in hBMECs by activating NF-κB signaling [54] and that the IbeA + E. coli K1 strain can also induce activation and nuclear translocation of NF-κB in hBMECs [55] . In the current study, by western blotting, we also showed that the NF-κB pathway was activated more in hBMECs infected by meningitic strains PCN033 and RS218 compared with that by HB101 infection, where the phosphorylation of p65 and degradation of IκBα were compared, as well as with the immunofluorescence experiments that showed the nuclear translocation of p65. Not unexpectedly, treating hBMECs with the NF-κB inhibitor BAY11-7082 significantly attenuated those cytokines induction during meningitic E. coli infection, suggesting that NF-κB signaling works potently in mediating the neuroinflammatory response.
Likewise, we found that the effects of MAPK signaling were similarly associated with both PCN033 and RS218 infection of hBMECs. MAPK signaling cascades actually involve three major pathways: JNK (which acts as mediator of extracellular stress responses), ERK1/2 (which mediates proliferative stimuli), and p38 (which is also involved in mediating extracellular stress responses, particularly by regulating cytokine expression) [56] . Our IPA network analysis indicated the involvement of ERK during infection with meningitic E. coli PCN033 and RS218, which is consistent with our previous finding that MAPK/ERK signaling is involved in infection and mediates the induction of VEGFA and Snail-1 by the meningitic strain PCN033 [5] ; however, via western blotting we showed the activation of all these three signaling molecules in response to PCN033 and RS218 infection. Also, by using specific inhibitors against ERK1/2, p38, and JNK, we observed that inhibition of all three MAPK pathways significantly decreased the infection-induced upregulation of proinflammatory cytokines IL-6, IL-8, IL-Iβ, and TNF-α. Therefore, collectively these data largely support the viewpoint that all three major MAPK signaling pathways play potent roles in meningitic E. coli infection and induce neuroinflammatory responses.
